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INTRODUCTION 
Creep damage is a leading cause of failure in pressure vessel steels exposed to high 
temperature and stress. The development of a nondestructive inspection method for 
visualizing and detecting the level of creep damage throughout the service life of these 
pressure vessels is critical to safe power plant operation. If the damage is detected at an early 
stage and monitored throughout its progress, replacement costs and downtime can be 
reduced, and catastrophic failures can be avoided. 
Magnetic inspection methods can be regarded as one of the most promising 
nondestructive evaluation techniques for evaluating the condition of high strength 
ferromagnetic steels [1]. These methods are dependent on the intrinsic properties of the 
ferromagnetic steels for evaluating the mechanical condition of the material. The magnetic 
properties are sensitive to stress, creep damage, fatigue, and other material property 
variations. However, these magnetic methods have not yet been exploited to their full extent. 
This has primarily been due to the nonlinearity associated with the magnetic properties of a 
material and the difficulty associated with making in situ magnetic measurements. 
Normally the characterization of the level of creep damage in a material is performed by 
inspecting micrographs of replicas of the polished surface of a material [2]. These 
micrographs reveal the state of cavitation and cracking at the prepared surface. In order to 
inspect the material at varying depths, the base material must be ground away. The surface is 
then prepared in the same manner as for micrograph inspection. The process destroys the 
material, takes considerable time and is expensive. This method of determining the level of 
creep damage, designated A, B, C, and D in terms of increasing levels of damage, can result 
in subjective variations in the reported level of creep damage. One major goal of the 
magnetic inspection techniques developed here is to make this assessment both more 
objective and quantitative. 
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Figure 1. Classification of creep damage levels. A) Initial formation of cavities; 
B) Oriented cavity formation; C) Cavity linkage and microcrack formation; D) Macrocrack 
formation. 
CREEP 
Creep is the slow plastic flow of metal under stress at high temperatures. These 
temperatures are typically about 50% of the absolute melting temperature. The result is a very 
slow viscous flow of the metal which ends in sudden failure. Lately, this has become a 
problem because alloy steels used in steam generators, turbines, and pipelines in power plants 
have been operated at high temperatures, typically in the range 500C - 560C, and under stress 
for long periods of time. The creep failure occurs by a process of progressive damage. This 
involves the nucleation and growth of cavities at the grain boundaries, their subsequent linkage 
to form microcracks, and the propagation of these microcracks until failure [3]. The failures 
occur with no significant prior change in the macroscopic external appearance of the material 
and therefore from this viewpoint the failures appear to be spontaneous. A typical creep curve 
(variation of strain with time) for elevated temperature creep is shown in Fig. 1. 
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Figure 2. Diagram of section of CrMo steel pipe. 
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Figure 3. Micrographs of samples taken from the mid-radius of the pipe section. 
Magnification x 5000 (left) and x 10,000 (right). 
EXPERIMENTAL PROCEDURE 
Sections were taken of service-exposed CrMo Steel piping. Circular sections were cut 
axially to expose a cross section of the pipe wall shown in Fig. 2. The faces were lightly 
ground and polished to remove the majority of the mechanical damage induced during 
cutting. 
Micrographs were taken from the sections throughout the thickness of the CrMo steel 
piping. The level of creep damage at a specific location was estimated from the micrographs. 
Eight positions across the radius of the pipe were examined. A level of creep damage A, 
AlB, B, BIC, C, C/D, or D was assigned to each specimen corresponding the approximate 
level of creep damage. Fig. 3 shows cavitation due to creep damage that occurred over the 
lifetime of the material. 
0.296 Tesla 
0.296 Tesla 
0.169 Testa 
0.169 Testa 
Ax Axially Applied Field 
Figure 4. Magnetic parameter variations in radial and axial measurement of remanence of 
section of CrMo steel. 
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Figure 5. Magnetic parameter variations in radial and axial measurement of coercivity of 
section of CrMo steel. 
Magnetic measurements were taken at different locations over the face of the samples. 
The measurements were made with the Magnescope [4]. The software package incorporated 
in the Magnescope processes the magnetic data to extract coercivity, maximum magnetic 
field, remanence, maximum magnetic induction, initial permeability, hysteresis loss and other 
magnetic parameters from these measurements. 
The magnetic inspection parameters were used to create images of the magnetic 
variations over the face of the CrMo steel piping sections. Image processing was used to 
improve the contrast and clarity of the images. 
RESULTS 
The micrographs taken of the surface of the material using a scanning electron 
microscope (SEM) revealed progressive changes in creep damage from the inner radius to the 
outer radius of the pipe section. As an example the fracture surface of a sample taken at half 
of the radius of the pipe section is shown in Fig. 2. This reveals the presence of cavities 
resulting from creep, such as the one at location A. Grain boundary cavitation was severe at 
the inner radius and progressively decreased with increasing radius of the pipe section. 
The magnetic inspection parameters showed that remanence varied over the surface of 
the specimen from 0.296 to 0.169 Tesla, as shown in Fig. 4. Comparing these values of 
remanence with the creep damage detected from replication studies and micrographs, it was 
found that remanence decreased systematically from the outer surface of the pipe (where 
there was little creep damage) to the inside surface (where creep damage was most severe). 
This observation was consistent with the results of previous studies which indicated that 
remanence decreased with increasing creep damage [5,6]. 
The coercivity across the surface ranged from 240 - 310 Aim (3.0 - 3.9 Oe), as shown in 
Fig. 5. In both the cases of axial and radial measurement directions the coercivity increased 
systematically from the inside wall (with most creep damage) to the outside wall (with least 
creep damage). The coercivity was, to a good approximation, independent of the position 
along the length of the pipe, and dependent on the distance from the inner surface. This 
result is consistent with an interpretation that coercivity is dependent on creep damage. 
Similarly, consistent behavior was observed in hysteresis loss as a function of distance 
from the inside surface, as shown in Fig. 6. This ranged from 1.2 kJ/m3 on the inside wall to 
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Figure 6. Magnetic parameter variations in axial measurement of hysteresis loss of section 
of CrMo steel. 
1.9 kJ/m3 on the outside wall, showing that hysteresis loss decreased with the level of creep 
damage. 
Creep damage in materials is not presently classified in a quantitative manner, and 
therefore it was not possible to give a precise measure of the dependence of these magnetic 
properties on creep. The results of Figs. 4-6 do however show that these magnetic inspection 
parameters can be used to make an image of the surface which gives an indication of the 
regions of high and low creep damage. 
CONCLUSIONS 
The results show that a systematic relationship between the magnetic inspection 
parameter variations and the level of creep damage. Remanence, coercivity and hysteresis 
loss seem to be good indicators of the level of creep damage. These parameters can be plotted 
as a function of position across the surface of a creep damaged component, and this can be 
used to produce a magnetic image of the material which can identify locations with a high 
probability of creep damage. More work under controlled conditions is needed to further 
develop the imaging techniques based on these magnetic inspections. 
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